Three independent Tn5-lac insertions in the S1 locus of Myxococcus xanthus inactivate the sglK gene, which is nonessential for growth but required for social motility and multicellular development. The sequence of sglK reveals that it encodes a homologue of the chaperone HSP70 (DnaK). The sglK gene is cotranscribed with the upstream grpS gene, which encodes a GrpE homologue. Unlike sglK, grpS is not required for social motility or development. Wild-type M. xanthus is encased in extracellular polysaccharide filaments associated with the multimeric fibrillin protein. Mutations in sglK inhibit cell cohesion, the binding of Congo red, and the synthesis or secretion of fibrillin, indicating that sglK mutants do not make fibrils. The fibR gene, located immediately upstream of the grpS-sglK operon, encodes a product which is predicted to have a sequence similar to those of the repressors of alginate biosynthesis in Pseudomonas aeruginosa and Pseudomonas putida. Inactivation of fibR leads to the overproduction of fibrillin, suggesting that M. xanthus fibril production and Pseudomonas alginate production are regulated in analogous ways. M. xanthus and Pseudomonas exopolysaccharides may play similar roles in a mechanism of social motility conserved in these gram-negative bacteria.
Many free-living microbes can move across surfaces without the use of flagella by mechanisms that have yet to be understood. Genetically, the phenomenon of gliding motility appears to be at least as complex as that of flagellar motility. The most-detailed genetic analysis of the nature of gliding has focused on the study of the complex soil bacterium Myxococcus xanthus. For M. xanthus, gliding motility plays critical roles both in its social feeding behaviors during vegetative growth and in its elaborate process of multicellular development triggered by starvation.
M. xanthus exercises two forms of gliding motility called A, or adventurous, and S, or social, motility, specified by separate subsets of genes (21) . At least 1% of its 9.5-Mb genome appears to be dedicated to the production of essential components of these two motility systems. A combination of mutational and sequence analyses have revealed more than 50 different motility genes after several mutant hunts that have by no means saturated their desired targets (21, 22, 31, 55, 59) .
Adventurous and social motility play different, independent roles during the vegetative growth and development of M. xanthus. Adventurous motility is required for the gliding of single cells in isolation, depends primarily on contacts between cells and a solid surface, and has an ancillary role in development, because only a minority of A mutants are defective in development. In contrast, social motility involves the movement of groups of cells, requires that cells remain in close proximity to move, and has a central role in development, because almost all S mutants are defective in development. M. xanthus strains with A mutations retain social motility, and strains with S mutations retain adventurous motility. However, double-mutant strains with one of the hundreds of possible pairs of a single A mutation and a single S mutation are not motile (21) . We have used this double-mutant phenotype to isolate the mutants (31) described in this study.
S motility and the starvation-induced morphogenesis of fruiting structures depend on three different extracellular compartments, pili, fibrils, and O antigen. Pili are cell-length (ca. 10-m-long) polymers of the pilin protein approximately 8 nm in diameter and located at the cell poles (41) . Pilin is secreted by a type IV mechanism (59) , resembling that required for the assembly of pili and the secretion of virulence factors in Pseudomonas aeruginosa, which displays a form of social gliding called twitching motility (35) . Fibrils are peritrichous tubules 30 nm in diameter that can be as long as 10 cells, comprised of polysaccharide polymers associated with a multimeric protein, IFP-1 (4). We designate this protein fibrillin, because Behmlander and Dworkin (5) have shown that the majority of fibril-associated protein consists of multimers of a single small subunit. dsp mutants of M. xanthus do not make fibrils and are defective in S motility (49) . The M. xanthus O-antigen composition is typical of gram-negative bacteria, including a lipid A anchor, a 2-keto-3-deoxyoctanate core, and a repeating polysaccharide unit comprised of mannose, galactose, glucosamine, and perhaps glucose and/or rhamnose (18, 40, 42, 51) . Recently, Bowden and Kaplan (7) have shown that mutants of M. xanthus defective in the production of O antigen are also defective in S motility. All three components of social (S) motility are also required for the complex developmental cycle of M. xanthus.
In this study, we describe the detailed characterization of three adjacent genes, the cotranscribed grpS and sglK genes and the upstream fibR gene. The sglK gene, required for S motility, was identified by a cluster of Tn5-lac insertions. These insertions map to a region of the M. xanthus genome, the S1 locus (31, 32) , which also includes the dsp genes required for fibril production. We find that the grpS and sglK genes encode homologues of the chaperones GrpE and DnaK, two of the three components of chaperone machines that play key roles in protein and polysaccharide secretion. Like the dsp mutants, mutants defective in sglK function do not make fibrils, suggesting that the GrpS, SglK, and their missing J-domain partner regulate the expression or secretion of extracellular fibrils. The fibR gene encodes a product which is predicted to have a sequence similar to those of the histone-like repressors of alginate exopolysaccharide biosynthesis in Pseudomonas spp., which acts as a negative regulator of exopolysaccharide production.
MATERIALS AND METHODS
Bacterial strains. Escherichia coli JM107 (60) was used for the construction of plasmids and the preparation of plasmid DNA. Plasmids were introduced into JM107 by electroporation (52) . Derivatives of JM107 with plasmids were grown in Luria-Bertani medium supplemented with ampicillin (100 g/ml), kanamycin (40 g/ml), or spectinomycin (50 g/ml) and streptomycin sulfate (50 g/ml). Plates used for screening ␤-galactosidase activity also contained 10 g of isopropyl-␤-D-thiogalactopyranoside per ml and 40 g of 5-bromo-4-chloro-3-indolyl-␤-D-thiogalactopyranoside per ml. M. xanthus strains are derivatives of the wild-type strain DK1622 (23) (31) with integrated plasmids were grown in CTPM medium with kanamycin (40 g/ml). Strains with a Sp r Sm r substitution of plasmid pGB2 (11) for portions of grpS and sglK or an insertion of pGB2 in fibR were selected on medium with spectinomycin (0.8 mg/ml) and streptomycin sulfate (1.0 mg/ml). Plasmids were introduced into a Numbers in parentheses are the coordinates of the S1 region cloned into plasmid vectors, according to GenBank accession no. U83800 and unpublished results. The substitution of the EcoRI-PstI backbone of pGB2 for a region internal to the grpS and sglK genes is designated grpS-sglK::pGB2, and the insertion of the entire pGB2 sequence in fibR is designated fibR::pGB2. Hosts carrying plasmids that have integrated due to site-specific recombination between the subcloned myxophage Mx8 int-attP genes (44) and the chromosomal attB locus, MxH1133-1138 and MxH1140-1144, are formally defective lysogens; their integrated plasmids (defective prophages) are shown in parentheses.
M. xanthus by electroporation (24) . Antibiotics and chemicals were from Sigma or Aldrich. Oligonucleotides used for plasmid construction and mutagenesis were made by Biosource Inc. Restriction endonucleases and DNA-modifying enzymes were from New England Biolabs and were used under recommended conditions. Standard methods were used for the construction of plasmids.
Cloning of M. xanthus genomic DNA flanking Tn5-lac insertions in sglK. To subclone the regions upstream of sglK::Tn5-lac insertions ⍀1222 and ⍀1252, genomic DNA was isolated from vegetative cultures of strains MxH1223 and MxH1253, respectively, by the method for the rapid isolation of myxophage Mx8 DNA (33) . Each strain was grown to a density of 5 ϫ 10 8 /ml in CTPM medium, and cells (2 ml) were pelleted by low-speed centrifugation and resuspended in one-fifth volume of distilled water immediately prior to DNA isolation. Approximately 1 g of genomic DNA was mixed with 0.5 g of pBluescript KSIIϩ DNA, and mixtures were cleaved with 10 U of XhoI for 12 h in 20 l at 37°C. XhoI was heat inactivated, and the mixtures were placed on a 0.025-m-pore-size filter (Millipore) and dialyzed against 1,000 volumes of distilled water for 30 min. Mixtures were then treated with T4 DNA ligase at 25°C for 4 to 12 h, incubated at 65°C for 20 min, and dialyzed prior to electroporation into E. coli host JM107. Approximately 2 ϫ 10 Ϫ6 Ap r electroporants were also Km r ; these were found to carry plasmids pAY647 (from MxH1223) and pAY648 (from MxH1253) with the lacZ gene of Tn5-lac in an orientation inverted with respect to that of the 5Ј portion of the lacZ gene carried by the pBluescript vector. Plasmids pAY647 and pAY648 were cleaved with BamHI to liberate smaller (ca. 3-kb) fragments carrying 50 bp of the outer end of IS50 from Tn5-lac joined to flanking M. xanthus DNA, and these fragments were ligated to the BamHI site of pLITMUS38 (New England Biolabs) to make plasmids pAY649 and pAY673, respectively.
The region of sglK downstream of the ⍀1222 insertion was recovered in a similar way after cleavage of a mixture of MxH1223 and pLITMUS28 DNA with EcoRI. pAY685 is the Km r plasmid with the EcoRI fragment containing this Tn5-lac chromosome junction. The region of M. xanthus DNA upstream of the ⍀1225 insertion in strain MxH1226 was amplified by PCR. DNA derived from MxH1226 was used as template with primers 5Ј AAAGAATTCGACGTCCTC CTGCTGGA and CCCAAGCTTGGATTCGCTGGAAAACGGGAAA to amplify a product of about 550 bp, and the product was cleaved with EcoRI and HindIII and ligated to pLITMUS28 to make pAY670. Amplification of template MxH1223 with the same primer pair yielded a product of identical size in a parallel reaction.
Reconstruction of the grpS-sglK operon. A plasmid with the wild-type grpS-sglK operon was reconstructed in three steps. The smaller XhoI-PstI fragment of pAY673 was ligated to the same sites of pLITMUS28 to make pAY692; this insert (bp 1 to 1,457) includes the entire grpS gene and the 5Ј half of sglK. The 3Ј half of sglK was amplified from strain DK6204 DNA with primers GGACC GCATGCGCTGCA and AAAAAAGCTTCAGCTCGCCTGGCCCGTGTA, and the product was cleaved with PstI and HindIII and ligated to the same sites of pLITMUS28 to make pAY693. The PstI-HindIII fragment of pAY693 was ligated to the same sites of pAY692 to make pAY694, which carries the entire grpS-sglK operon (bp 1 to 3505).
Plasmids used to map the sglK promoter by complementation tests. Two deletion derivatives of pAY694 were constructed to map the sglK promoter. Plasmid pAY694 was cleaved with SmaI and BglII, the BglII ends were filled in with DNA polymerase I large fragment, and the larger fragment was ligated to make pAY696, which has an insert with bp 734 to 3505 of the grpS-sglK sequence. pAY697 (bp 1075 to 3505) was made in a similar way after cleavage of plasmid pAY694 with BglII and EcoRI. Plasmids pAY844, pAY846, and pAY847 are Km r derivatives of pAY694, pAY696, and pAY697, respectively, made by ligating SpeI-HindIII inserts from the latter plasmids to the XbaI and HindIII sites of plasmid pPLH343 (33) , which carries the myxophage Mx8 int-attP site-specific recombination functions. Plasmid pAY1060 is a derivative of pAY694 that carries a substitution of the majority of Sp r Sm r plasmid pGB2 (11) for a region spanning the distal two-thirds of grpS and the proximal two-thirds of sglK. It was made by cleavage of both pAY694 and pGB2 with EcoRI and PstI and ligation of the larger products of cleavage.
To determine whether the grpS gene is essential for development, we constructed plasmid pAY1082, which expresses sglK from the mgl promoter. The sglK coding sequence was amplified with primers MSG3 (AAAGAATTCTCAG CTCGCCTGGCCCGTGTAGAT) and MSG5 (CCCGGTACCATGAGGAGG TTTAGTATGGGCAAGGTGATTGGAATCGACCTT), using pAY694 as the template. The amplified product was cleaved with Acc65I and EcoRI and ligated to the same sites of pAY703 (33) to make pAY1072. The EcoRI-HindIII fragment of pAY1072 was subcloned first into pUC18 (60) to make pAY1079 and then from pAY1079 into pPLH343 (33) to make pAY1082. pAY1082 expresses sglK as the third gene of the constitutive mglBA operon and carries the phage Mx8 int-attP genes. We also constructed the otherwise isogenic derivative of pAY1082, pAY1081, which lacks the sglK gene, by subcloning the EcoRI-HindIII fragment from pAY703 into pPLH343.
Disruption of the fibR gene. To construct a disruption of fibR, plasmid pAY694, which carries a 3.5-kb insert of M. xanthus DNA with the full-length fibR, grpS, and sglK genes was cleaved at the unique AgeI site within fibR and ligated with XmaI-cleaved plasmid pGB2 to make plasmid pAY1074. pAY1074 was cleaved with SmaI, and the linear plasmid DNA was used to electroporate wild-type strain DK1622. About one-half of the Sp r Sm r electroporants were found to be Km s . DNA isolated from two Sp r Sm r Km s electroporants was amplified with primers TM5 (CCCCAAGCTTGGTACCACTAGTTATTTGCC GACTACCTTGGTGA) and TM6 (AAAAAAGCTTCCATGGTTTCATGGC TTGTTATGACTG) to confirm the presence of the aadA gene. Assays for ␤-galactosidase activity. ␤-Galactosidase assays were performed on vegetative cells, and cells were harvested from developmental assays as described previously (31, 32) . To assay ␤-galactosidase activities in heat-shocked cells, cells were grown to a density of 5 ϫ 10 8 /ml in CTPM medium at 32°C, shifted to 42°C, and sampled at various times after temperature shift. Activities are expressed in nanomoles per minute per milligram of total protein, assayed by the method of Bradford (8) .
Labeling 8 cells (200 l) and incubation was continued for 5 min, at which time 100 l of 2ϫ sodium dodecyl sulfate (SDS) sample buffer was added to stop the incorporation of label. Samples were immediately heated to 100°C for 3 min, and 20-l aliquots were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on 10% acrylamide slab gels (29) . Gels were dried on Whatman 3MM paper, and exposures were made by direct contact with Kodak XAR5 film.
Congo red binding assays. Wild-type and mutant M. xanthus cells were grown to a density of 5 ϫ 10 8 cells/ml in CTPM medium and harvested by centrifugation at 10,000 ϫ g. Cells were suspended in 2 ml of agglutination buffer (10 mM morpholinepropanesulfonic acid [MOPS], 1 mM MgCl 2 , 1 mM CaCl 2 [pH 6.8]) (3) to a density of 5 ϫ 10 8 cells/ml. Congo red (2 mg/ml in agglutination buffer) was added to a 1-ml aliquot of cells to give a final concentration of 20 g/ml; an equivalent amount of agglutination buffer was added to the remaining 1-ml aliquot of cells. Samples were incubated at room temperature for 30 min. Spectra were taken from 400 to 700 nm with a Perkin-Elmer -12 dual-beam UV-visible light spectrophotometer. The spectrum obtained from cells alone was subtracted from the spectrum obtained from cells with Congo red to determine the extent of binding. The absorption maxima for difference spectra were compared with the absorption maximum for Congo red alone in agglutination buffer.
Immunoblot assays for IFP-1. Wild-type M. xanthus cells produce fibrils that are carbohydrate polymers associated with multimers of integral fibrillin protein (IFP-1). Mouse monoclonal antibody MAb2105 (5) was used to show that mutations in the S1 cluster prevent the production of mature IFP-1. Wild-type M. xanthus and mutants were grown in CTPM medium to a density of 5 ϫ 10 8 cells/ml), harvested by centrifugation, and suspended in 0.2 volume of TPM buffer. An aliquot was removed and used for the determination of total protein concentration by the method of Bradford (8) . An equal volume of 2ϫ SDS sample buffer was added to the remaining cell suspension and heated at 90°C for 10 min. A volume corresponding to 7 g of protein of each sample was separated by electrophoresis on an 8% polyacrylamide-SDS-Tricine gel (46) . The gel was soaked in Towbin's transfer buffer (53) for 20 min, and proteins were transferred to nitrocellulose by using a Bio-Rad semidry transfer cell. The nitrocellulose was probed with a 1:1,000 dilution of MAb2105 followed by a secondary horseradish peroxidase anti-mouse antibody at a 1:1,200 dilution; MAb2105 was a gift from Marty Dworkin. Binding was visualized with the Amersham ECL reagent by blocking and wash procedures recommended by the manufacturer. The apparent molecular mass of cross-reacting material was estimated by comparison of its mobility with the mobilities of proteins in the Kaleidoscope prestained highmolecular-mass protein standards (Bio-Rad) and Benchmark protein standards (Gibco-BRL).
Developmental assays. To initiate development, derivatives of DK1622 were grown to a density of 5 ϫ 10 8 /ml in CTPM medium at 32°C, concentrated by low-speed centrifugation, and resuspended in 0.1 volume of TPM buffer. Multiple spots (20 l) were made on TPM plates (1.5% agar), and plates were incubated at 32°C for 120 h. To measure viable spores, five 20-l spots were harvested after incubation at 50°C for 2 h, scraped into 1 ml of TPM, and sonicated for 10 s at 20 W on a Microson cell dismembranator to disperse spores. Serial dilutions of spore suspensions were plated on CTPM plates and scored for growth after 72 h.
DNA sequence analysis. Templates used for sequence analysis included plasmids pAY649, pAY673, pAY685, pAY670, and some smaller derivatives. Inserts were sequenced by the method of Sanger et al. (45) , with M13 forward and reverse primers and additional primers, by Commonwealth Biotechnologies, Inc., Richland, Va. Sequencing runs were resolved on an ABI Prism model 377 automated sequencing apparatus. The sequence of each strand of each template was determined completely.
Nucleotide sequence accession number. The sequence of the 4,849-bp region containing grpS and sglK has been assigned GenBank accession no. U83800.
RESULTS
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Tn5-lac (designated by the symbol ⍀) that disrupt functions required for social motility in M. xanthus. These nine insertions define three separate gene clusters, S1, S2, and S3. Insertions within each cluster are linked in generalized transduction crosses mediated by myxophage Mx4, suggesting that insertions within each cluster lie within the same 20-kb segment of the M. xanthus genome (31) . Five of these nine insertions define the S1 cluster, within which four insertions, ⍀1222, ⍀1225, ⍀1252, and ⍀1601, are cotransduced with efficiencies of Ͼ95%, suggesting that they map within one gene or adjacent genes. The fifth insertion in the S1 cluster, ⍀1255, is 15% linked with ⍀1252, suggesting that it lies about 10 kb from the other four insertions.
To characterize the S1 locus in molecular detail, we cloned segments of DNA flanking three of the four tightly linked insertions within this cluster. Fragments of DNA with both the selectable kanamycin resistance (Km r ) determinant of Tn5-lac and M. xanthus genomic DNA adjacent to these insertions were cloned into ampicillin-resistant (Ap r ) plasmid vector pBluescript SKIIϩ or pLITMUS28. Ap r Km r plasmid subclones with M. xanthus DNA upstream of ⍀1222, ⍀1225, and ⍀1252 were recovered, as was a subclone of DNA downstream of ⍀1222. The sequences of the entire stretches of subcloned M. xanthus DNA upstream and downstream of ⍀1222 were determined, as were the sequences of the junctions of insertions ⍀1225 and ⍀1252 with upstream DNA. The DNA sequence of this portion of the S1 locus reveals that all three insertions disrupt a single open reading frame, designated sglK (Fig. 1) . The insertions ⍀1222 and ⍀1225 map at the same site, whereas the third, ⍀1252, maps to a site 211 bp upstream of the other two. This result is consistent with the finding that the first two insertions are 97 to 99% linked with the third by generalized transduction with myxophage Mx4 (31). Surprisingly, an 8-bp repeat (bp 3390 to 3397) is found at the junctions of ⍀1222, unlike the 9-bp repeats typically found at the junctions of Tn5 insertions in enteric host E. coli (6) .
SglK and GrpS are members of the heat shock family of chaperones. The 4,849-bp segment of the M. xanthus genome including sglK has a base composition of 68.2% GϩC, and all four open reading frames exhibit codon usage typical for M. xanthus genes (47) . No long open reading frames with typical codon usage are found on the bottom strand of this sequence. SglK shares striking identity with members of the HSP70 family of proteins and is closely related to E. coli DnaK as well as M. xanthus Stk, yet another nonessential member of this protein family (Fig. 2) (28) .
Located immediately upstream of sglK is a second open reading frame, designated grpS. The sequence of the predicted product of the grpS gene shows that it is a member of the family of GrpE chaperones (Fig. 2) . As shown in Fig. 1 (Fig. 3) . Initiating about 600 bp downstream of sglK is a large open reading frame, kinS, predicted to encode a product with a C-terminal sequence most similar to Pkn6, a member of a large family of serine-threonine protein kinases made by M. xanthus (61) .
The grpS and sglK genes are cotranscribed. The close proximity of the grpS and sglK genes suggests that these two genes are part of the same transcription unit. This is not surprising, because the grpE and dnaK genes of several gram-positive bacteria, including Bacillus subtilis and Staphylococcus aureus are cotranscribed in the same order (39, 56) . To determine whether grpS and sglK are cotranscribed, we asked what sequences upstream of sglK are required for its expression. We tested whether a nonmotile double A and S mutant strain with an insertion in sglK could be complemented for sglK function by a second, ectopic copy of sglK. The chromosomal locus we chose for the integration of a second copy of sglK is attB, the preferred bacterial attachment site for the temperate myxophage Mx8. The attB locus is located about 2.5 Mb from the sglK locus on the 9.5-Mb physical map of wild-type strain DK1622 (31, 47) . Plasmids with the phage Mx8 int-attP genes integrate efficiently into the attB locus after electroporation into M. xanthus (30) . Therefore, we cloned the sglK gene with various extents of flanking, upstream DNA into Km r plasmid pPLH343 (33) and electroporated these plasmids into strain MxH1379.
Tetracycline-resistant (Tc r ) strain MxH1379 carries the Amotility mutation, aglB1, as well as insertion ⍀1252Tc in sglK. This insertion was constructed by replacement of an internal portion of the Km r Tn5-lac element with a Tc r determinant in parental strain MxH1252 (aglB1 sglK::⍀1252) (31) . Because host strain MxH1379 carries a combination of two mutations, one in an A-motility gene, and one in an S-motility gene, it is nonmotile. When plasmid pPLH343 integrates into the attB locus of MxH1379 after electroporation, the recombinant strain, MxH1379(pPLH343), like its parent, cannot glide. Both strains form uniformly dark tan colonies when spotted on CTPM plates with 0.3% agar and grown for 5 days at 32°C (Fig.  4) . In contrast, strain MxH1379(pAY844), with bp 1 to 3505 of the S1 locus, including the full-length fibR, grpS, and sglK genes, is motile, and forms a starburst colony comprised of alternating tan and yellow annuli on its interior. Strain MxH1379(pAY846), which has the entire grpS and sglK genes, but not fibR, also is motile. In contrast, strain MxH1379 
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(pAY847) is not motile. The integrated plasmid in this strain carries bp 1074 to 3505 of the S1 locus, including the 3Ј twothirds of grpS and the entire sglK gene. This complementation test shows that, unlike the inserts in pAY844 and pAY846, the insert in pAY847 is missing an element required for the expression of sglK. Therefore, the promoter for sglK must lie between bp 734 and 1074 of the S1 locus and most likely is immediately proximal to grpS. Figure 4 also shows that the double-mutant aglB sglK strain, MxH1379, forms ill-defined, translucent mounds upon development. In contrast, derivatives of this strain with plasmids pAY844 and pAY846 that complement the sglK defect for motility form well-defined fruiting bodies, whereas derivatives with plasmids pPLH343 or pAY847 do not.
Although plasmid pAY847 carries the wild-type allele of the sglK::⍀1252Tc allele, we did not detect recombinants in which the wild-type allele of sglK at the ectopic attB locus was recovered by the S1 locus as the result of an allelic exchange or gene conversion event in strain MxH1379(pAY847). The selection for motility is a powerful one, enabling the detection of as few as 10 Ϫ9 motile revertants from a population of otherwise nonmotile M. xanthus cells (20) . Therefore, we took advantage of this strain as a way to estimate the frequency with which such a rare gene conversion event might occur. Strain MxH1379 (pAY847) was grown to a density of 5 ϫ 10 8 cells/ml in CTPM medium, and 10 spots (20 l) of 10 7 cells each were made on a CTPM plate with 1.0% agar. After the cells grew for 2 days, we recovered Ͼ2 ϫ 10 8 viable cells from each spot. After the cells grew for 14 days, we recovered only four recombinant strains arising as motile flares emerging from these spots. All   FIG. 3 . FibR is similar to PprB and AlgP, repressors of alginate production in Pseudomonas spp. Identical residues in the N termini of the three proteins, FibR, PprB (54), and AlgP (16, 26) , are shown in bold type. Tetrapeptide repeats similar to the consensus sequence KPAA found repeated in the C termini of the pseudomonad repressors are underlined (16) . Gaps introduced to optimize alignment are indicated by dashes.
FIG. 4.
The grpS and sglK genes are in the same transcription unit. The structure of the S1 locus in strain MxH1379 (aglB1 sglK::⍀1252Tc) is represented at the top left; the position of the Tn5-lac insertion is represented by the triangle. S1 inserts integrated at the attB bacterial attachment locus for prophage Mx8 in derivatives of MxH1379 are indicated below. Plasmid pPLH343 is the Km r plasmid vector with the Mx8 int-attP genes and no S1 insert. The phenotypes of each strain are shown on the right as photographs (magnification of ϫ10) of 20-l spots of cells made on CTPM medium with 0.3% agar (spreading) and TPM agar (development) after 5 days of incubation at 32°C. four motile flares were formed by cells with a Km r Tc s phenotype, indicating that they had arisen from gene conversion events in which the wild-type allele of sglK at attB had replaced the mutant allele at S1 and had been retained at attB.
The results of this simple experiment provide us with an estimate of the frequency of gene conversion events that occur between duplicated genes (which share Ͼ2 kb of perfect homology) at different, distant loci in the M. xanthus genome. This frequency is about 2 ϫ 10 Ϫ9 , near the limit of detection of the sensitive genetic selection for motility. These results also reveal the power of using plasmids integrated at the ectopic attB locus for complementation analyses in M. xanthus.
Both the grpS and sglK genes are not essential for vegetative growth. Like many members of the HSP70 chaperone family in other organisms, the sglK gene does not appear to be essential for vegetative growth. Presumably, this is because the HSP70 family of chaperones, as well as those of its GrpE and DnaJ partners, has evolved by the multiplication and divergence of an ancestral dnaK gene. This ancestral gene conferred the enormous selective advantage of maintaining the function of other proteins under extreme conditions that promote their denaturation, a role reflected by the fact that the DnaK sequence is deeply rooted in protein evolution. Thus, many prokaryotes possess both dnaK homologues with functions essential for vegetative growth and dnaK homologues like sglK with more-specialized, nonessential functions. To determine whether the grpS gene is essential for vegetative growth, we constructed a plasmid carrying a Sp r Sm r substitution for the majority of the coding sequences of both genes and inserted these substituted genes in the M. xanthus genome by crosses. Plasmid pAY1060 DNA was made linear by cleavage at a site adjacent to its subcloned region of the S1 locus and electroporated into wild-type M. xanthus DK1622. One of four Sp r Sm r recombinants screened after electroporation was found to have lost S motility and to have acquired the substitution of plasmid pGB2 DNA for a region of genomic DNA spanning both grpS and sglK. These recombinants are formed by pairs of crossover events between the plasmid and chromosome in the regions of homology flanking this substitution. This result shows that grpS plays a nonessential role in the vegetative growth of M. xanthus.
The grpS gene is not required for motility or development. The finding that grpS and sglK are in the same transcription unit and encode products that are homologues of interacting chaperones suggested that grpS also may be essential for S motility and development. However, this is not the case.
To determine whether grpS is required for S motility and development, we constructed a mutant of M. xanthus that expresses sglK but not grpS. In previous reports, we have shown that several different genes, including the temperate myxophage Mx8 mox (33) and int (44) genes, can be expressed from the constitutive mglBA promoter carried by a plasmid integrated at the attB locus. To construct a strain that expresses sglK but not grpS, we made plasmid pAY1082, in which sglK is positioned as the third gene in the mglBA operon, and integrated pAY1082 into the attB locus of the Sp r Sm r grpS-sglK double-mutant strain.
To show that plasmid pAY1082 can express the sglK gene from the attB locus, we also introduced pAY1082 into MxH1379 (aglB1 sglK::⍀1252) by electroporation. As shown in Fig. 5 , MxH1379(pAY1082) displays social motility and can form erect, dark fruiting bodies in response to starvation. In contrast, MxH1379(pAY1081) which has only the mglBA genes integrated at attB (without sglK), like its parent, neither glides nor forms fruit. This result shows that expression of sglK from the mgl operon integrated at attB can complement the sglK mutation in MxH1379.
When plasmid pAY1082 is introduced into the grpS-sglK double mutant strain, it also complements this strain for both motility and development, whereas the pAY1081 control plasmid does not (Fig. 5 ). This surprising result shows that grpS function is not required for social motility or development.
Expression of the grpS-sglK operon is induced by conditions that trigger development but not by temperature shift. The high degree of sequence similarity between the predicted product of the sglK gene and DnaK (HSP70) prompted us to ask whether sglK plays a role in the heat shock response in addition to its established role in S motility and multicellular development (31, 32) . To identify the SglK protein and monitor its regulation in response to environmental stresses, we examined the profiles of proteins produced in otherwise wild-type and sglK mutant strains by two methods. As shown in Fig. 6 , when the proteins produced by vegetative M. xanthus cells growing at 32°C are compared with those made after an increase in temperature to 42°C, several prominent proteins that incorporate label in the form of [ 35 S]methionine are found to be expressed at higher levels after heat shock. These include four prominent bands representing proteins with apparent molecular masses of about 90, 70, 50, and 15 kDa, consistent with the results of Nelson and Killeen (38) . We presume that the major, heat shock-inducible band with an apparent molecular mass of 70 kDa is HSP70 (DnaK), and this result shows that SglK and DnaK are different proteins, because sglK mutants with Tn5-lac insertion mutations produce this prominent band after heat shock. Furthermore, we observe no differences in the patterns of [ 35 S]methionine-labeled proteins in wild-type and mutant cells in comparisons of samples prepared from cells that have been heat shocked and from cells that have not. Thus, either the SglK protein is produced at low levels, or it is obscured by a more-prominent band with a similar apparent molecular mass, such as DnaK. We also attempted to resolve the DnaK and SglK proteins by SDS-PAGE in extracts prepared from wild-type and sglK mutant cells by a more-sensitive method of detection. Resolved proteins were stained with monoclonal antibody specific for the ATP-binding site of DnaK (27) , and both wild-type and mutant cells were found to produce a single, heat-inducible protein band with an apparent molecular mass of 70 kDa that cross-reacts with this antibody (data not shown).
Because we could not detect the wild-type SglK protein directly by SDS-PAGE against the background of abundant, essential DnaK protein, we measured the expression of the lacZ gene from the sglK promoter to monitor its regulation in response to environmental stresses. As shown in Fig. 7 , the expression of ␤-galactosidase activity from from the lacZ transcriptional fusions generated by the ⍀1222 and ⍀1252 insertions in the sglK gene increases more than fourfold in response to starvation, confirming our previous results (31) . In contrast, LacZ activity does not increase in these fusion strains after heat shock, consistent with our finding that SglK is not the major, presumably essential, HSP70. LacZ activity in these strains also increases after treatment of vegetative cultures with 0.5 M glycerol (data not shown), which triggers an alternative developmental pathway leading to the rapid sporulation of M. xanthus in the absence of fruiting body formation (17) .
SglK function is required for the production of fibrils. Electron microscopic examination of sglK mutant cells shows that they have pili (58) . These mutants also retain sensitivity to myxophages Mx4 and Mx8, indicating that they produce O antigen. The behavior of sglK mutant cells in liquid culture suggested to us that they are defective in fibril production.
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Unlike wild-type M. xanthus cells, which tend to form aggregates or clumps even when grown in rapidly shaking liquid cultures, sglK mutant cells do not aggregate during growth. This phenotype is shared by the cohesion-defective dsp (dispersed) mutants, a large cluster of S mutations linked with one of the Tn5-lac insertions in the S1 cluster (31) . The dsp mutants, like the sglK mutants, are defective in the early steps of development and fail to aggregate and form fruit or spores (32, 49) . To quantify the ability of wild-type cells to aggregate, Shimkets has developed an agglutination assay in which exponentially growing cells are suspended in buffer, and the optical density of the suspended cells is monitored over time. As cells agglutinate, the optical density of the cell suspension decreases (48) . As shown in Fig. 8 , when wild-type cells are assayed for their ability to agglutinate, the A 600 of the resuspended cells drops sharply after incubation at 32°C for 60 min. In contrast, sglK mutant cells do not agglutinate. When equal titers of wild-type and mutant dsp cells are mixed, the mixed population of cells agglutinates with kinetics similar to those for wild-type cells (49) . This result shows that the ability of dsp mutant cells to agglutinate can be rescued by fibrils released from or associated with the surfaces of wildtype cells. Mutant dsp strains are unable to produce fibrils, long polysaccharide filaments about 50 nm in diameter containing multimers of the fibrillin protein IFP-1 (5, 9) . The addition of purified fibrils to dsp mutant cells rescues their ability to agglutinate and develop (9) . The dsp mutants require additional second-step mutations called fbd (for fibril binding defective) to prevent their complementation by purified fibrils for agglutination (10) . As shown in Fig. 8 , when equal titers of sglK mutant cells and wild-type cells are mixed, the mixtures do not agglutinate with wild-type kinetics. This result shows that, unlike dsp mutants and like dsp fbp double mutants, sglK mutants are defective both as recipients and donors in the agglutination assay.
The histological dye Congo red, which binds to bacterial extracellular polysaccharides, inhibits the agglutination, S motility, and fruiting of wild-type M. xanthus cells. Arnold and Shimkets (3) have shown that dsp mutants defective in fibril production have a substantially lower affinity for Congo red than do wild-type cells, suggesting that the major receptor for Congo red binding is associated with fibrils. To test whether sglK mutants have the major receptor for Congo red binding, wild-type and mutant M. xanthus cells were incubated with FIG. 5 . The grpS gene is not required for social motility or fruiting body morphogenesis. The structures of the S1 loci in strains MxH1379 (aglB1 sglK::⍀1252Tc) and MxH1139 (⌬grpS-sglK) are shown on the left (a and b, respectively). Derivatives of these strains carry second, ectopic copies of the mgl operon integrated at the Mx8 attB locus, without (pAY1081) or with (pAY1082) a second, wild-type copy of the sglK gene. A description of the photographs of mutant phenotypes is provided in the legend to Fig. 4 .
Congo red, and continuous spectra of the samples were taken. The spectra obtained from the absorbance of Congo red alone was compared with the difference spectra obtained from a comparison of the absorbance of a mixture of wild-type cells and Congo red with wild-type cells alone and from a comparison of the absorbance of a mixture of sglK mutant cells and Congo red with mutant cells alone (Fig. 9) . Wild-type cells bind Congo red with a higher affinity than do sglK mutant cells (data not shown). Furthermore, whereas Congo red has an absorbance maximum of 482 nm in aqueous solution, this maximum is redshifted by 22 nm upon binding to wild-type cells. The absorbance maximum of Congo red bound to sglK mutant cells is redshifted by only 10 nm, indicating that the dye binds to a different receptor on mutant cells than on wild-type cells, because changes in the absorption maximum of a chromophore result from changes in its immediate electronic environment. This result, taken together with the results of our agglutination assays, suggests that the sglK mutants do not produce fibrils.
To test this hypothesis directly, we grew wild-type strain DK1622, sglK mutant strains, and sglK mutant strains with integrated plasmids to exponential phase, concentrated the cells by centrifugation, and lysed the cells in SDS sample buffer. Proteins in cell lysates were resolved by electrophoresis and transferred to nitrocellulose. Transferred proteins were incubated with monoclonal anti-IFP-1 antibody (MAb2105) (5), and cross-reacting material was identified by staining in an enzyme-linked assay. As shown in Fig. 10 , MxH1379 and its derivatives with integrated plasmids that do not express sglK do not produce the protein that cross-reacts with anti-IFP-1 antibody; this is also true for sglK mutant strains MxH1223 and MxH1253. In contrast, derivatives of MxH1379 that carry plasmid pAY696 or pAY1082, both of which express the sglK gene, produce fibrillin. Similar results are observed with derivatives of the double-mutant grpS-sglK strain, MxH1139. These results show that sglK function, but not grpS function, is required for the expression of fibrillin. Taken together, the results of agglutination assays, Congo red binding experiments, and antibody assays for fibrillin, show that sglK mutants are defective in fibril production.
The fibR gene encodes a negative regulator of fibril production. To investigate the function of the fibR gene, which is located immediately upstream of the grpS-sglK operon, we constructed an insertion mutation in fibR and placed this insertion in the M. xanthus chromosome by crosses. The mutant fibR strain is almost indistinguishable in phenotype from its wild-type parent, showing that fibR, like grpS and sglK, is not essential for growth. Like its DK1622 parent, the mutant fibR::pGB2 strain has S motility and produces fruit containing a full complement of heat-resistant spores (data not shown). The fibR gene is predicted to encode a product with a sequence similar to those of the histone-like repressors of alginate biosynthesis in the pseudomonads (Fig. 3) (16, 26, 50) . Although the polysaccharide fibrils made by M. xanthus do not appear to contain the charged uronic acid residues typically found in alginate (4), their composition is similar to that of the neutral exopolysaccharides made by P. aeruginosa (34) . Furthermore, like M. xanthus fibrils, the combination of charged and neutral exopolysaccharides secreted by P. aeruginosa is associated with a substantial protein fraction (36) . Therefore, we tried to ascertain whether the fibR gene encodes a negative regulator of fibril production by examining the relative level of fibrillin produced by the fibR mutant strain. As shown in Fig. 10 , the fibR mutant strain produces about three-to fourfold-higher levels of fibrillin than does its wild-type parent, DK1622.
DISCUSSION
We have characterized a subset of Tn5-lac insertions that define the S1 locus of M. xanthus required for social motility and multicellular development. Sequence analysis of the sites of these insertions shows that they inactivate a gene, sglK, which encodes a nonessential homologue of DnaK (HSP70). The SglK protein is not the only M. xanthus HSP70 homologue that may be involved in S motility. An insertion of Tn5 that inactivates the M. xanthus stk gene, predicted to encode another member of the DnaK family of chaperones, suppresses a subset of S mutations. Insertions in stk are simply recessive alleles that result in increased cohesion and fibril production (15) . In contrast, we have shown that insertions in sglK are simply recessive alleles with the opposite phenotype and abolish fibril synthesis. Thus, there may be two M. xanthus HSP70 homologues that play opposing roles in fibril production.
The sglK gene is the second gene in an operon that also includes grpS, which encodes a homologue of a chaperone partner of HSP70, GrpE. Surprisingly, unlike sglK, grpS is not FIG. 6 . Mutants with insertions in the sglK gene produce HSP70 after heat shock. An autoradiogram of an SDS-polyacrylamide gel in which radiolabeled M. xanthus proteins from three different strains were fractionated is shown. Wildtype (WT) strain DK1622 and sglK mutant strains MxH1223 (⍀1222) and MxH1253 (⍀1252) were grown to exponential phase at 32°C and pulse-labeled with [ 35 S]methionine after incubation at 32°C (Ϫ) or 42°C (ϩ), as described in Materials and Methods. Both wild-type and mutant cells produce an abundant heat shock protein with an apparent molecular mass of 70 kDa, presumably the M. xanthus homologue of HSP70 (38) . MW, molecular mass. required for cell cohesion, S motility, or development. Presumably, M. xanthus encodes yet another homologue of GrpE that functions together with SglK in a role that is redundant to that of GrpS. Alternatively, GrpS may function together with SglK to control some physiological process other than social motility, and SglK may interact with a different GrpE-like partner to control motility. We consider these possibilities because DnaK and the nonessential homologues of HSP70 are known to function as components of tripartite chaperone machines, involving combinations of members of each of the DnaK, GrpE, and DnaJ (or J-domain) families of proteins. Alternatively, SglK may not require a GrpE homologue for its role in motility and development.
In other gram-negative bacteria, DnaK and GrpE are known to interact with membrane proteins containing J domains that control the synthesis and secretion of exopolysaccharides. Both Coxiella burnetti (62) and E. coli (12, 13, 25) encode transmembrane proteins with J domains required for the secretion of the exopolysaccharide colanic acid, necessary for mucoidy. The Shigella flexneri rol gene encodes a J-domain transmembrane protein that regulates O-antigen chain length (37) . Therefore, it is not surprising that M. xanthus makes a specialized homologue of HSP70 that controls fibril production, and we now are looking for the transmembrane J-domain partner of SglK.
The precise natures of the roles that the exopolysaccharide fibrils play in the social motility and development of M. xanthus remain a mystery. Fibrils play critical roles in the motility and development of wild-type cells. Mutations that abolish fibril production, such as dsp and sglK, are required for both motility and development (48) , and purified fibrils can rescue the defects in motility and development caused by dsp lesions (10) . Mutants with defective sglK, however, have a more severe phenotype than dsp mutants, because they are defective as both donors and recipients in agglutination assays with wildtype cells.
Chang and Dworkin have isolated second-step mutations called fbp in a mutant dsp genetic background that restore Exponentially growing cells of wild-type strain DK1622 and sglK mutant strain MxH1253 were concentrated and suspended in agglutination buffer, and the absorbance (A) at 600 nm of each suspension was monitored over time at 32°C. Unlike an equal mixture of wild-type and dsp mutant cells (2) , which agglutinates with the same kinetics as wild-type cells, an equal mixture of wild-type and sglK mutant cells (wild type ϩ MxH1223) agglutinates with intermediate kinetics.
cohesion, social motility, and development without restoring fibril production (10) . Their surprising results show that the physical presence of fibrils per se is not required for motility and development and suggest that fibrils are an intermediate in a signal transduction pathway required for these phenotypes. They have proposed that the perception of fibrils is required for motility and development, perhaps by mediating the exchange of intercellular signal molecules. Consistent with this model, M. xanthus produces a development-specific protein related in sequence to IFP-1 found associated with fibrils (14) .
We have shown that the gene upstream of the grpS-sglK operon, fibR, encodes a negative regulator of fibril production. Taken together with the observation that its predicted product is similar to the histone-like repressors of alginate production in pseudomonads, this result suggests that the control of slime exopolysaccharide manufacture in these distantly related bacteria may be similar. Indeed, the pseudomonads not only make the charged alginate exopolysaccharides, containing the signature, oxidized uronic acids, but also secrete neutral exopolysaccharides. The ratio of charged to neutral pseudomonad exopolysaccharides, the latter of which are similar in composition to M. xanthus fibrils, varies as a function of carbon source. It is intriguing that the best inducer of alginate production by P. aeruginosa, glycerol (34), acts as a morphogen for M. xanthus as well. Glycerol triggers an alternative pathway for M. xanthus development, in which vegetative cells undergo sporulation without the concomitant morphogenesis of fruit (17, 43) , and is thought to play a key regulatory role during the late steps of starvation-induced development (19) .
Finally, we note that for two of the three cases in which a DnaK-GrpE-J-domain protein chaperone machine is involved in the secretion of bacterial exopolysaccharides, this machine controls the function of a two-component regulatory system that activates secretion (25) . The algR-algS response regulator and histidine kinase genes control the production of pseudomonad exopolysaccharide (57) and are in turn controlled by a repressor homologue of fibR. Therefore, we will not be surprised if M. xanthus is found to have homologues of this twocomponent regulatory system and if pseudomonads are found to have homologues of the grpS-sglK operon encoding components of a chaperone machine that regulates exopolysaccharide production.
